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Abstract. Simulations of the ionospheric response to so-
lar flux changes driven by the 27d solar rotation have
been performed using the global 3-D Coupled Thermosphere
Ionosphere Plasmasphere electrodynamics (CTIPe) physics-
based numerical model. Using the F10.7 index as a proxy
for solar extreme ultraviolet (EUV) variations in the model,
the ionospheric delay at the solar rotation period is well
reproduced and amounts to about 1d, which is consistent
with satellite and in situ measurements. From mechanistic
CTIPe studies with reduced and increased eddy diffusion,
we conclude that the eddy diffusion is an important factor
that influences the delay of the ionospheric total electron
content (TEC). We observed that the peak response time of
the atomic oxygen to molecular nitrogen ratio to the solar
EUV flux changes quickly during the increased eddy dif-
fusion compared with weaker eddy diffusion. These results
suggest that an increase in the eddy diffusion leads to faster
transport processes and an increased loss rate, resulting in
a decrease in the ionospheric time delay. Furthermore, we
found that an increase in solar activity leads to an enhanced
ionospheric delay. At low latitudes, the influence of solar
activity is stronger because EUV radiation drives ionization
processes that lead to compositional changes. Therefore, the
combined effect of eddy diffusion and solar activity leads to
a longer delay in the low-latitude and midlatitude region.

1 Introduction

The solar activity plays a significant role in controlling the
variations in the thermosphere—ionosphere (T/I) system, in
particular through solar extreme ultraviolet (EUV) and ultra-
violet (UV) radiation and their variability. In addition, there
are several factors which control the behavior of the T/I sys-
tem, such as tidal and gravity wave forcing from the lower
atmosphere, neutral winds, and related currents in the iono-
sphere. These are especially predominant during low solar
activity, leading to reduced correlation of solar flux and iono-
spheric electron density then (Vaishnav et al., 2019). The
ionosphere itself is created through photoionization of the
major constituents (atomic oxygen, molecular nitrogen, and
molecular oxygen), while photodissociation may change the
mixing ratios of these constituents (especially atomic oxy-
gen), leading to modifications of the ionization rates.

Due to these varying ionization rates for different atoms
and molecules, a series of layers of electron density forms,
known as D, E, F1, and F2 regions. The maximum peak
of electron density is observed in the F2 region. The F2 re-
gion electron densities mainly depend on photochemical pro-
cesses, such as photodissociation, photoionization, and loss
by recombination with molecular nitrogen, and transport pro-
cesses, such as neutral wind and diffusion. On top of this,
there are many processes which can drive or disturb the iono-
spheric ion distribution, such as diffusion, transport, cooling,
and heating mechanisms. Transport can be divided into three
main categories, namely eddy diffusion, molecular diffusion,
and advection processes (Brasseur and Solomon, 2005). The
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F2 region is strongly influenced by the global thermospheric
circulation (Rishbeth, 1998).

The physical mechanism of the delayed ionospheric re-
sponse cannot be explained with solar variations, seasonal
variations, or changes due to geomagnetic activity. We also
cannot explain the delay with photoionization and photodis-
sociation processes alone. This has been discussed in several
studies (Jakowski et al., 1991; Schmolter et al., 2018, 2020,
and references therein), and the importance of the T/I cou-
pling was pointed out. The T/I coupling is important for the
delay. This has been mentioned in several studies by now
but has scarcely been investigated. The most important im-
pacts we would expect due to this coupling are compositional
changes that can impact the major processes, and this could
be due to gravity-wave-induced diffusion.

The lower thermospheric composition is not only influ-
enced by gravity waves, but also by other parts of the lower
atmospheric wave spectrum, including atmospheric tides and
planetary waves. The main source of eddy diffusion is break-
ing of gravity waves. Gravity waves are usually generated in
the lower atmosphere by various mechanisms such as con-
vection, wind shears, storms, and airflow over mountains.
Their amplification and wave breaking due to instabilities
produces mixing (Li et al., 2005). Atmospheric tidal and
planetary wave activity can also significantly contribute to
eddy diffusion. For example, the tides induce a net transport
of atomic oxygen via the mean meridional circulation gener-
ated by tidal dissipation (Jones et al., 2014a, b). Above the
mesopause, the intradiurnal variability associated with atmo-
spheric tides strongly affects the transport of NO, (Meraner
and Schmidt, 2016), and seasonally varying gravity wave
and tidal mixing influence the mesosphere—lower thermo-
sphere (MLT) region (Qian et al., 2013). Moreover, the possi-
ble role in the semiannual oscillation in thermospheric mass
density is discussed by Jones et al. (2018). Siskind et al.
(2014) showed that the vertical transport by nonmigrating
tides causes a significant reduction in the calculated peak
electron density of the ionospheric F2 layer.

Several studies have reported the influence of gravity
waves and turbulence on the T/I composition and calculated
the eddy diffusion coefficient in the MLT region (Kirchhoff
and Clemesha, 1983; Sasi and Vijayan, 2001; Swenson et al.,
2019). Based on radar measurements, Kirchhoff and Cleme-
sha (1983) calculated a minimum (maximum) eddy diffusion
coefficient of 45 (123)m?s~! during fall (summer). Simi-
larly, Sasi and Vijayan (2001) used Doppler radar observa-
tions and show that the eddy diffusion varies from 25 to
300m? s~ ! during September and June.

Turbulent mixing is an important process affecting the
composition of the T/I system. The effect of turbulence on
different minor and major species has been discussed on sev-
eral occasions (e.g., Keneshea and Zimmerman, 1970; Shi-
mazaki, 1971; Chandra and Sinha, 1974; Rishbeth et al.,
1987; Rees and Fuller-Rowell, 1988; Fuller-Rowell and
Rees, 1992; Danilov and Konstantinova, 2014; Pilinski and
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Crowley, 2015; Swenson et al., 2018). Various coupled mod-
els have been developed to understand the T/I region varia-
tions, considering the availability of experimental and theo-
retical knowledge. Earlier 1-D models, which include eddy
diffusion coefficients, have been used to model the T/I re-
gion (e.g., Colegrove et al., 1965; Shimazaki, 1971; Jakowski
et al.,, 1991). Nowadays, more improved, 3-D models like
the Coupled Thermosphere Ionosphere Plasmasphere Elec-
trodynamics (CTIPe) model (Fuller-Rowell and Rees, 1980)
or the National Center for Atmospheric Research (NCAR)
Thermosphere—Ionosphere—Electrodynamics General Circu-
lation Model (TIE-GCM) (Richmond et al., 1992) are avail-
able to explore the dynamics of the T/I region. These models
cannot be expected to reproduce the real ionospheric vari-
ability exactly due to limited knowledge of various processes
in the T/I region and their corresponding inputs (e.g., Shim
et al., 2011; Codrescu et al., 2012), but they are capable of
providing insight into relevant dynamical processes in the
T/

Rees and Fuller-Rowell (1988) used a sinusoidal eddy tur-
bulence profile and analyzed the effect of eddy turbulence on
temperature, atomic oxygen, and nitric oxide. They showed
that an increase in turbulence near the mesopause leads to
an increase in atomic oxygen and nitric oxide. This leads to
a change in the thermal structure by strongly modifying the
gravity wave flux.

The solar radiation reaching the Earth exhibits a period-
icity of about 27 d, owing to the solar rotation. As a result,
the T/I system also varies with this periodicity. Many stud-
ies revealed a delay in ionospheric parameters, such as to-
tal electron content (TEC, given in TEC units, 1 TECU =
10'® electrons m_z), electron density, peak electron den-
sity of F, region (NmF2, cm™3), and the corresponding
height (hmF2, km), to the 27 d solar flux variation (Jakowski
et al., 1991; Liu et al., 2006; Afraimovich et al., 2008; Lee
et al., 2012; Anderson and Hawkins, 2016; Jacobi et al.,
2016; Schmdlter et al., 2018, 2020, 2021; Vaishnav et al.,
2018, 2021; Ren et al., 2018, and references therein). Most of
the studies found an ionospheric delay of about 1-2d, with
a possible uncertainty of about half a day. Schmolter et al.
(2018), using high temporal resolution data, found an iono-
spheric delay of about 17-19 h using TEC and Geostationary
Operational Environmental Satellite (GOES) EUV datasets.
The detailed seasonal and spatial effect on the ionospheric
delay was studied by Schmolter et al. (2020). Their study re-
vealed a strong geomagnetic effect on the ionospheric delay.
They also noticed that the delay over Southern Hemisphere
stations is larger than over Northern Hemisphere stations.

Numerical simulations using a 1-D model have revealed
that the delay might be due to the slow diffusion of atomic
oxygen at 180 km height, generated by solar UV radiation in
the Schumann—Runge continuum, causing photodissociation
of molecular oxygen above the turbopause (Jakowski et al.,
1991).
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Ren et al. (2018) investigated the ionospheric time de-
lay using observations and simulations with the TIE-GCM
model. They discussed the possible role of ion production
and loss mechanisms and the O/Nj ratio in the ionospheric
delay against the solar EUV flux. A strong effect of geomag-
netic activity was reported. The ionospheric response time
is controlled by photochemical, dynamical, and electrody-
namical processes. Ren et al. (2019) suggested that the time
delay in thermospheric temperature is due to the difference
between the total heating and cooling rates. The study also
found a possible role of the general circulations in the upper
atmosphere in the time delay. Similarly, the peak response
time of the neutral mass density corresponds to the time of
equilibrium between the effect of the barometric process and
the change in its abundance (Ren et al., 2020). Moreover,
Ren et al. (2021) suggest the possible role of geomagnetic
activity in the time delay of the thermospheric mass density,
which varies with altitude, latitude, and local time.

Despite such a general understanding, however, the exact
mechanism of the ionospheric delay needs further investi-
gation. Therefore, here we attempt to quantify the process
which is probably responsible for the ionospheric delay us-
ing the CTIPe model (Fuller-Rowell and Rees, 1980). Vaish-
nav et al. (2018) indicated that transport processes might play
an important role in the ionospheric delay observed in TEC
using CTIPe model simulations. Based on this assumption,
numerical simulations have been performed to consolidate
the preliminary results of Vaishnav et al. (2018) and the hy-
pothesis of Jakowski et al. (1991) and to explain the physical
mechanisms of the ionospheric delay. To understand the role
of T/I coupling in this study, we perform model runs chang-
ing the eddy diffusion.

An ionospheric delayed response has been investigated
by Schmolter et al. (2020) over European stations. They re-
ported an ionospheric delay of about 18 h over these stations.
Therefore, in this paper, the emphasis is to reproduce and
investigate the ionospheric delay response over a European
location (40° N).

2 CTIPe model simulations

The CTIPe model is used to understand the influence of eddy
diffusion in the neutral composition and its role in the de-
lay mechanism. The CTIPe model is an advanced version
of the CTIM model (Fuller-Rowell et al., 1987) and is a
global, first-principle, nonlinear, time-dependent, 3-D, nu-
merical, physics-based coupled thermosphere—ionosphere—
plasmasphere model consisting of four fully coupled dis-
tinct components, namely, (a) a neutral thermosphere model
(Fuller-Rowell and Rees, 1980); (b) a high-latitude iono-
sphere convection model (Quegan et al., 1982); (c) a midlati-
tude and low-latitude ionosphere plasmasphere model (Mill-
ward et al., 1996); and (d) an electrodynamics model (Rich-
mond et al., 1992). The thermosphere component of the
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CTIPe model solves the continuity, momentum, and energy
equations to calculate the wind components, global tempera-
ture, and composition.

The transport terms particularly specify the E x B drift and
include ion-neutral interactions under the effect of the mag-
netospheric electric field. The geographic latitude/longitude
resolution is 2°/18°. In the vertical direction, the atmosphere
is divided into 15 logarithmic pressure levels at an inter-
val of one scale height, starting with a lower boundary at
1 Pa (about 80 km altitude) to above 500 km altitude at pres-
sure level 15. The high-latitude ionosphere (poleward of geo-
magnetic coordinates 55° N/S) and the midlatitude and low-
latitude ionosphere and plasmasphere are implemented as
separate components, and there is an artificial boundary be-
tween these two model components. The equations for the
neutral thermosphere model are solved self-consistently with
a high-latitude ionosphere model (Quegan et al., 1982). The
numerical solution of the composition equation describes
transport, turbulence, and diffusion of atomic oxygen, molec-
ular oxygen, and nitrogen (Fuller-Rowell and Rees, 1983).
External inputs are needed to run the model, such as solar
UV and EUV, Weimer electric field, TIROS/NOAA auro-
ral precipitation (note, however, that particle precipitation is
turned off during our simulations), and tidal forcing from the
Whole Atmosphere Model (WAM). The F10.7 index (Tap-
ping, 1987) is used as a solar proxy for calculating ion-
ization, heating, and oxygen dissociation processes. Within
CTIPe, a reference solar spectrum based on the EUVAC
model (Richards et al., 1994) and the Woods and Rottman
(2002) model, driven by variations of F10.7 input, is used.
The EUVAC model is used for the wavelength range from
5 to 105 nm and the Woods and Rottman (2002) model from
105 to 175 nm. Solar flux is obtained from the reference spec-
tra using the following equation:

F Q) = fret(WIL+ AR (P —80)], )

where frr and A are the reference spectrum and a so-
lar variability factor, and P = 0.5x (F10.7 +F10.7A), where
F10.7A is the average of F10.7 over 41d. Detailed infor-
mation on the CTIPe model is available in Codrescu et al.
(2008, 2012).

In this paper, our primary goal is to understand the influ-
ence of eddy diffusion on the ionospheric response during
the 27 d solar rotation. Therefore, several model runs were
performed in this study with different diffusion conditions
under different artificial solar activity conditions. Three runs
were performed with sinusoidally varying solar activity from
75-125 sfu, keeping all other conditions constant. Constant
atmospheric and astronomical conditions of 15 March 2013
were used to perform these experiments.

Several authors have suggested that the eddy diffusion is
strongly varying based on the months or seasons (e.g., Kirch-
hoff and Clemesha, 1983; Sasi and Vijayan, 2001; Swenson
et al., 2019). Therefore, the experiments were performed us-
ing an eddy diffusion coefficient K7, which amounts to 75 %,
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100 %, and 125 % of the original values in the model, and we
refer to these runs as K7 x 0.75, K7 x 1.0, and K7 x 1.25,
where K1 x 1.0 represents the reference run.

3 Mechanistic studies

In the CTIPe model, the T/ composition is calculated by
combining the continuity equation with the diffusion equa-
tion. The model estimates changes in the composition of
the major species (O, Oz, and N») self-consistently, includ-
ing wind and temperature (Fuller-Rowell and Rees, 1983),
as well as molecular diffusion, production, and loss mecha-
nisms.

The continuity equation for the mass mixing ratio, V¥ =
(ni - mj)/p of the ith species, with n; as number density, m;
as the molecular mass, and p as atmospheric density, may be
written as

a1 Y
= S (miS) =V Vy; e

1 1
— =V (mimiCi) + =V - (KrnVmyy), 2
o o

where S; represents sources and sinks of the species, K7 is
the eddy diffusion coefficient, V is the horizontal neutral
wind vector, n is the total number density, m is the mean
molecular mass, and Cj is the diffusion velocity of the ith
species. The terms on the right-hand side of Eq. (2) are,
in their respective order, sources and sinks of species, hori-
zontal advection, vertical advection, molecular diffusion, and
eddy diffusion.

The mathematical form of the eddy diffusion coefficient
Kt used in the CTIPe model as a function of height is given
by Shimazaki (1971) and Fuller-Rowell and Rees (1992):

Kr=Dexp(=A1(h—ho)?)  h= ho, 3)
K1 = (D= Dy)exp(—Ax(h — h,)?)

+ Doexp(—A3z(h—hy))  h < hy. “

A peak value of D =150m?s~! at i, = 105km altitude
and D, = 100 m? s~ is used for the K7 x 1.0 reference run.
The shape parameters A} = 0.03, A =0.03, and A3 =0.05
are taken from Shimazaki (1971). As pointed out by Fuller-
Rowell and Rees (1992), eddy diffusion has the greatest in-
fluence on atomic oxygen and nitric oxide in the lower ther-
mosphere. A detailed description of the chemistry of the ma-
jor species is available in Fuller-Rowell (1984).

In our experiments, the CTIPe model was first run with
constant F10.7 input for 10d to achieve a diurnally repro-
ducible condition, and after this spin-up, F10.7 was modified
for 27 d using a sine function:

2t
F10.7(t) = 100 — 25 cos (7), 5)
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where ¢ represents the time in days.

The various terms of the composition equation are shown
in Fig. 1 for the noontime (12:00 UT) for the atomic oxygen
mass mixing ratio (o) at 40° N, 18°E in the reference run.
The figure shows the behavior of all terms at pressure level 12
(260km). The vertical dashed red line shows the maximum
of the input solar flux as per Eq. (2). Figure 1a shows that
the molecular diffusion term shows a delay of less than 1d
for ¥o. The horizontal and vertical advection are decreasing
with the increasing input solar flux with a delay of less than
1d and 1d, respectively (Fig. 1b). Similar variations can be
seen in the chemical production and loss terms (source and
sink term). The delay between production and loss is about
1-2d in the case of Yo, as shown in Fig. 1c. The change in
the production term in the composition equation is based on
the photoionization processes contributing to ¥qo.

Ren et al. (2020) discussed the physics behind the time
delay in different thermospheric neutrals. They found that the
peak response time of the mass density of the neutrals (O and
N») corresponds to the time of equilibrium between the effect
of the barometric process and the change in their abundance.

Figure 2 shows the daily zonal mean TEC for three differ-
ent runs with different eddy diffusion coefficients as a func-
tion of time and magnetic latitude. The zonal averages rep-
resent the average TEC values over all longitudes at a spe-
cific magnetic latitude. In the CTIPe model, TEC is calcu-
lated over the altitude range from 80 to 2000 km. In Fig. 2,
the zonal mean TEC is shown by the contours, and the white
curves show the corresponding variability of the F10.7 index.
Here, moderate solar activity conditions (75—125 sfu) have
been used.

The daily zonal mean TEC show the overall effect of solar
flux on the T/I system, since we used constant atmospheric
and astronomical conditions for these simulations.

The results from the reference run K7 x 1.0, with the orig-
inal value of the eddy diffusion coefficient, are shown in
Fig. 2b. The simulations reproduce the real latitudinal as well
as temporal variations with the variability in the solar flux.
The zonal mean TEC distributions are symmetric around the
geomagnetic equator, with maximum amplitudes of about
70 TECU. The TEC values decrease towards the high lati-
tudes. The distribution of TEC highly depends on the ioniza-
tion of neutrals and various processes such as transport and
recombination. The TEC amplitude variations reflect the ef-
fects of solar activity and compositional changes.

The K7 x0.75 run results are shown in Fig. 2a. It shows an
increase of TEC in the low-latitude to midlatitude region in
comparison to the reference run. The reduction of turbulence
leads to slower transport and an increase in TEC. Figure 2¢
shows the zonal mean TEC for the K7 x 1.25 run. In com-
parison to the reference run, TEC is reduced by a significant
amount. These results show that eddy diffusion has a direct
impact on TEC.

Figure 3a shows the global mean TEC (GTEC) as sim-
ulated by the three different runs along with the F10.7 in-
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Figure 1. Time series of different terms: (a) molecular diffusion, (b) horizontal advection and vertical advection, and (c) production and loss
for atomic oxygen mass mixing ratio. Both the y axes are marked with the corresponding color. The vertical dashed red line represents the
middle of the 13th model day. All the parameters are plotted for pressure level 12 (260 km) for noontime at 40° N, 18° E.
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Figure 2. CTIPe-simulated daily mean zonal mean TEC for the runs (a) K7 x 0.75, (b) K7 x 1.0 (reference), and (¢) K7 x 1.25. The white

curves show the F10.7 index input.

dex (white curve). It shows an obvious 27d variation of
GTEC corresponding to the F10.7 index variations but with
a slightly different delay for the different runs. The GTEC
values vary from about 8 TECU to maximum values of about
15 TECU for the reference run, corresponding to the solar
flux variation. It can be seen that TEC increases linearly with
F10.7. In comparison to the reference run, TEC values de-
creased significantly for the increased eddy diffusion con-
dition, while it is increased for the reduced eddy diffusion
conditions (see also Fig. 2).

The model F10.7 index input has been calculated accord-
ing to Eq. (5) but as hourly values in order to calculate the
delay and cross-correlation between GTEC and F10.7, which
are shown in Fig. 3b.

For the reference run K7 x 1.0, the delay is about 24 h,
which is close to the value derived from observations as re-
ported by Schmolter et al. (2018, 2020). Therefore, the model
is capable of reproducing the observed ionospheric delay.
In the case of reduced eddy diffusion to 75 % of the orig-
inal value in run K7 x 0.75, the delay is somewhat longer
(about 25 h). This indicates that the delay increases due to the
slower transport processes in this run. In line with this, with
increased transport in the K7 x 1.25 run, the delay reduces
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to 20 h. These results suggest that an increase in the eddy
diffusion leads to faster transport processes and an increased
loss rate, resulting in a decrease of the ionospheric time de-
lay. The loss rates are discussed below. The ionospheric time
delay is mainly due to the imbalance between the production
and loss of the ions and electrons (Ren et al., 2018).

We also analyzed the model results separately for the
Northern Hemisphere (NH) and the Southern Hemisphere
(SH), but the differences between the hemispheres are small
and amount to 3, 4, and 4 h for the K7 x 0.75, K7 x 1.0, and
K7 % 1.25 runs, respectively (not shown).

Figure 4 shows the variation of the time delay at low
[£30°], middle [+ (30-60°)], and high [£ (60-90°)] geo-
magnetic latitudes for different eddy diffusion conditions. At
low latitudes (Fig. 4a), the delay is more sensitive to eddy
diffusion than at middle and high latitudes, as this region is
not only controlled by the EUV. Here, dynamics plays an es-
sential role, especially in the equatorial ionization anomaly.
Thus, small changes in eddy diffusion can lead to a more sig-
nificant change in the ionospheric delay. In general, the delay
at low latitudes is longer than for the global average in Fig. 3.
For the K7 x 1.25 run, the delay is reduced by 4 h compared
to the reference run.

Ann. Geophys., 39, 641-655, 2021
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Figure 4. Cross-correlation and the delay between regional mean TEC and the F10.7 index at low (a), middle (b), and high (¢) geomagnetic

latitudes for different runs.

At midlatitudes (Fig. 4b) the delay in the K7 x 1.25 run
is about 22 h; i.e., it is longer than on a global average. This
is also true for the other runs where the delay is qualitatively
the same and amounts to about 25 h. In this region for run
K7 x0.75, the delay is similar to the one of the reference run
and is about 25 h.

At high latitudes (Fig. 4c), the variation in the delay is
qualitatively the same as at middle and low latitudes; i.e.,
a decrease in diffusion increases the delay and vice versa.
However, at high latitudes, a change in diffusion has a
smaller effect, and the delay varies between 4 and 6 h for the
different runs. For all runs, the delay is much smaller at high
latitudes than at midlatitudes. In comparison to low-latitudes
and midlatitudes, the high latitudes show less time delay in
run K7 x 0.75. The delay in high latitudes is also less sen-
sitive to diffusion changes compared to the low-latitude and
midlatitude regions. Similar to the runs presented in Fig. 3,
the model has been run for low solar activity conditions with
F10.7 in the range 70-90 sfu and using four different diffu-
sion conditions, K7 x 0.5, K7 x 1.0 (reference), K1 x 1.5,
and K7 x 2.0, which amounts to 50 %, 100 %, 125 %, and
150 % of the original values in the model, respectively, as
shown in Fig. 5. Figure 5a shows the time series of TEC
for different runs and the F10.7 input. In comparison to
Fig. 3a, the TEC values are smaller, following the F10.7 in-
dex. For these runs, the magnitude of eddy diffusion has
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been changed by 50 %. Therefore, significant differences in
TEC size are observed. In the reference run, TEC varies from
about 8 TEC to 11.3 TECU, while it shows a similar pattern
for decreased/increased eddy diffusion with the difference in
relative amplitude of TEC. The difference in the TEC curves
in Fig. 5a depends on the solar flux and the magnitude of the
eddy diffusion coefficient. Also, the delay is calculated using
the hourly TEC datasets and the F10.7 index, as shown in
Fig. 3a. For the reference run K7 x 1.0, the delay in the sim-
ulated GTEC is about 19 h, while the delay increases to 34 h
for the K7 x0.5 run, and it decreases with the increased diffu-
sion conditions. Here, the delay is more sensitive to the eddy
diffusion compared to the 25 % change cases, since the so-
lar activity is less dominant. Compared to low solar activity,
the eddy diffusion is less dominant in moderate solar activity,
and the delay fluctuations are smaller. It should be noted that
increasing solar activity leads to an increase in ionospheric
delay.

To shed more light on the spatial patterns of the correlation
between the F10.7 index and TEC, as well as on the iono-
spheric delay, the latter is shown in Fig. 6 for each model grid
point. Figure 6b shows the spatial map for the reference run
K7 x1.0. Maximum longitudinal differences are observed in
the low-latitude and midlatitude region. Near the equatorial
region, the delay varies from 10 to 40 h. At high latitudes, the
delay is about 0 to 10 h.

https://doi.org/10.5194/angeo-39-641-2021
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ditions, K7 x 0.75, K7 x 1.0 (reference), and K7 x 1.25, at geo-
graphic coordinates 40° N, 18° E.
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The longitudinal variation of the delay follows the mag-
netic field. The maximum delay is, in line with the results in
Fig. 4, generally observed at lower and middle latitudes.

As is the case with GTEC, at all latitudes, the delay in
local TEC is generally increased in run K7 x 0.75 and de-
creased in run K7 x 1.25 with respect to the K7 x 1.0 run.
In the CTIPe model, the low-latitude and midlatitude iono-
sphere model and the high-latitude ionosphere model are im-
plemented separately. Therefore, the significant change in
delay seen at 55° N/S may be owing to model peculiarities
in CTIPe.

In the following, we investigate the height variation of the
delay using the atomic oxygen ion density at geographic co-
ordinates 40° N, 18° E (magnetic latitude 39.06° N). Figure 7
shows the delay between the atomic oxygen ion density and
the F10.7 index at different pressure levels. At pressure level
12 (260 km), the delay is about 24, 18, and 6 h for the differ-
ent eddy diffusion cases K1 x0.75, K1 x 1.0, and K7 % 1.25,
respectively. The delay continues to increase above pressure
level 12, where it is quite close to the delay observed in TEC.
This is owing to the fact that the delay observed in TEC is
mainly determined by the delay of the F region, i.e., at higher
pressure levels (200-260 km).

The eddy diffusion can influence the general circulation
and hence the thermospheric neutral species. However, the
thermospheric circulation is controlled not only by eddy dif-
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Figure 9. Same as Fig. 8 for (a) T, (b) ne for the pressure level 12 (~ 260 km), and (¢) jo, for pressure level 7 (~ 125 km).

fusion, but also by temperature, pressure, and neutral species,
etc. All these parameters are affected by solar EUV radiation.
To investigate how eddy diffusion affects the T/I system, we
further analyze the evolution of various parameters such as
the atomic oxygen number density (ng), molecular oxygen
density (no,), molecular nitrogen density (nn,), molecular
oxygen dissociation rates (jo,), neutral temperature (7'), and
electron density (n.). Figures 8 and 9 show the variations
of these parameters for the 27 d cycle for the reference run
(blue color in the upper panel) and percentage differences
(lower panel: on the second y axis) from the reference run

Ann. Geophys., 39, 641-655, 2021

for the other diffusion conditions, K7 x 0.75 and K7 x 1.25,
respectively, at geographic coordinates 40° N, 18° E.

Figure 8 shows the variation of ng, nn,, and no, at pres-
sure level 12 (~ 260 km). Eddy diffusion has a strong influ-
ence on O, N», and O,. Figure 8a shows the variations of
the atomic oxygen density at pressure level 12 for a 27d so-
lar rotation period. It shows that the atomic oxygen density
decreases with increasing solar flux, connected with an in-
crease in temperature, which is shown in Fig. 9a. In compar-
ison to the reference run, the percentage difference increases
to about 1 % for the K7 x0.75 run during the 27 d run. This is
partly, but not completely, due to the temperature decrease by
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~0.7% (Fig. 9a). Thus, reduced transport leads to reduced
atomic oxygen. For the K7 x 1.25 run, the atomic oxygen
density decreases by about 1.5 %. These differences are not
connected with the solar cycle but evolve gradually over the
full time interval.

Similar to the atomic oxygen density variations, the
molecular oxygen and nitrogen densities also decrease with
increasing solar flux (Fig. 8b and c). For the molecular oxy-
gen density, the percentage difference decreases to about
10 % for the K7 x 0.75 run, while it increases to about 10 %
for the K7 x 1.25 run. Similar variations are observed in the
behavior of the molecular nitrogen density (Fig. 8c). Once
the diffusion increased, the no, increases compared to the
reference run, demonstrating that diffusion is a critical pro-
cess to control the evolution of oxygen. Therefore, we reg-
ister a change in the total composition due to an increase or
decrease in eddy diffusion.

Figure 8d and b show the percentage difference between
the reference run results and those of the runs with in-
creased or decreased eddy diffusion. For the K7 x 0.75 run,
the atomic oxygen density increases to about 1 %, while the
molecular oxygen decreases by 10 %. Similar to the molecu-
lar oxygen, the molecular nitrogen density also decreases by
~ 3 %. In comparison to K7 x 0.75, opposite trends can be
seen for the K7 x 1.25 run.

https://doi.org/10.5194/angeo-39-641-2021

In Fig. 9a and b, the 27d behavior at an altitude of ~
260km is shown for T and n.. T increases with increas-
ing solar irradiance. As an increase in solar irradiance ex-
pands the range of the thermosphere region, the scale height
of each component changes. An increase in solar radiation
flux will also increase the height of each pressure level. In
Fig. 9e, non-monotonic variations are observed in the differ-
ence between the reference run and K7 x 1.25. This could
be due to the combined effect of different diffusion cases and
solar flux. Compared to the reference case, the temperature
decreases by about 0.7 % for the K7 x 0.75 run, while it in-
creases by 0.7 % for the K7 x 1.25 run. Similar to T, n. also
varies with the solar flux. An increase in the solar radiation
flux leads to an increase in ionization and thus to an increase
in electron density.

The jo, also vary for different diffusion conditions, as
shown in Fig. 9c for pressure level 7 (altitude ~ 125 km). An
increase in eddy diffusion reduces jo,, leading to an increase
in no, and a reduction in no. Exactly the opposite behavior
is observed for a decrease in eddy diffusion.

Since we are dealing with vertical transport processes, it
is essential to analyze the latitudinal variation against pres-
sure levels. Figure 10 shows the percentage difference of 7',
Jjo,, and ne in the K7 x 0.75 and K7 x 1.25 runs with re-
spect to K7 x 1.0 for the 14th model day. Figure 10b and
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¢ show that due to a decrease/increase in eddy diffusion, T
decreases/increases at all pressure levels.

The lowest four pressure levels belong to the lower bound-
ary, where the neutral wind, temperature, and height of the
pressure level are imposed as boundary conditions from the
WAM model. An increase of the eddy diffusion by a factor of
25 % (KT x 1.25) leads to an increase in T by 1 %. It mainly
affects pressure levels 7-9 (125-160km). The percentage
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difference in T is negligible at pressure levels 5-6 (110 km),
but the variations increase with altitude. Figure 10d shows
the latitude—pressure distribution of ne. For the K7 x 0.75
run, it shows that for a reduction in eddy diffusion, n. is in-
creased in the thermosphere above pressure level 9 (160 km).
Interestingly, above this altitude, n. increases by about 7 %.
Electron density increases in the low-latitude region at pres-
sure level 4 (98 km) and in the high-latitude region at pres-
sure level 5 (105 km). The response of the thermosphere 7.
to an enhancement of eddy diffusion is entirely different. For
the K7 x 1.25 run, n. decreases at higher pressure levels, but
it increases at lower pressure levels, except for midlatitudes
at 98 km and high latitudes at 105 km.

The variation in jo, is shown in Fig. 10g. The percent-
age difference for the K7 x 0.75 run compared to the refer-
ence run decreases by about 7% for pressure levels 5-7 (105-
125 km), and it decreases by 7 % for the K7 x 1.25 run.

Figure 11a shows the variation of no. For the K7 x 0.75
run, no is increased by 5 %—7 % above the turbopause. The
enhanced diffusion leads to an increase of ng in the lower
thermosphere due to the downward transport of ng from
higher altitudes (Rees and Fuller-Rowell, 1988). Note that
eddy diffusion has a more substantial impact at high latitudes
below the turbopause. Chandra and Sinha (1974) showed that
due to photochemical effects, the variation of eddy diffusion
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does not contribute significantly to no below 100km, but
above 100 km it decreases with increasing eddy diffusion.

Enhanced eddy diffusion leads to an increase in ng, of
about 10 %—12 % above the turbopause in the K7 x 1.25 run,
with jo, decreasing by about 0.5 %, as shown in Fig. 10d.
Thus, the decrease in jo, increases no,, and this leads to a
decrease in ng. Similar variations are also observed in the
case of enhanced diffusion conditions for ny,, with an in-
crease of about 2 %-3 % for the enhanced eddy diffusion
conditions. The variation in eddy diffusion affects the com-
position at different altitudes through molecular diffusion.

Enhanced eddy diffusion leads to an increase in molec-
ular oxygen. This leads to a decrease in atomic oxygen at
all altitudes above 100 km due to molecular diffusion. As a
result, there is a significant decrease in the [O]/[N»] ratio.
Qian et al. (2009) studied the effect of modified eddy dif-
fusion on thermospheric composition using the NCAR TIE-
GCM model and reported similar results. These simulations
revealed a new finding how eddy diffusion can strongly af-
fect the thermospheric composition (O, O3, and N3) through
the ionospheric delay.

The steady-state electron density N can be written accord-
ing to Rishbeth (1998):

N~ZL o L (6)
B yi1Nal+y2[02]

where g, B, I, and yj, y» are the production term, the loss

term, the solar ionizing flux, and the reaction rates, respec-

tively.

The composition of the T/I system is mainly controlled
by various production and loss mechanisms. The production
of electrons is mainly due to the ionization of atomic oxy-
gen through solar EUV, and the loss is mainly controlled by
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Nj. The production of atomic oxygen ions depends not only
on the atomic oxygen density, but also on the solar radia-
tion. Ren et al. (2018) explained that the delay observed in
the electron density depends on the production and loss pro-
cesses as well as the [O]/[N»] ratio. The major loss of ions
in the F regions is given by the following reactions:

0" +N; - NOT +N
0t +0,— 0f +o0.

The rate coefficients y; and y, in Eq. (6) are given, e.g.,
by St.-Maurice and Torr (1978). These reaction rate coeffi-
cients are dependent on the effective temperature (7t), which
significantly affects the loss reaction and composition:

Tt = 0.63 x T, +0.36 x Tx. )

Here T; and Ty are ion temperature and the neutral temper-
ature, respectively. For low values of 7t < 1100K, the loss
rate coefficients y; and y» decrease with increasing 7'y, while
for Tr > 1100 K, the loss rate y; increases as a result of the
electron density decrease with increasing F10.7 index. The
nonlinear relation between the loss rate coefficients and T’y
is shown by Su et al. (1999).

Figure 12 shows the variations of the [O]/[N2] ra-
tio for different diffusion conditions at geographical lati-
tude/longitude 40° N, 18°E at an altitude of about 260 km
(pressure level 12). For the reference run, the delay is about
2-3d, since the peak response is observed at day 16. The
[O]/[N;] ratio strongly decreases with increasing eddy dif-
fusion, and the delay is also shifted to 1 d. Thus, the variation
in eddy diffusion strongly affects the [O]/[N;] ratio, which
in turn affects the delay mechanism.

Ann. Geophys., 39, 641-655, 2021
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Figure 13 shows the effect of eddy diffusion on the atomic
oxygen ionization (a) and loss rates (c) through molecular ni-
trogen at 40° N, 18° E, and the difference between the refer-
ence run and other diffusion cases is shown in Fig. 13b and d.
The reference case K7 x 1.0 and the K7 x0.75 and K7 x1.25
runs are represented by blue, black, and red curves, respec-
tively. The maximum ionization occurs at pressure level 9—10
(162—-187 km) (Fig. 13a). Figure 13b shows a decrease of ion-
ization rates with enhanced eddy diffusion, whereas they are
increased for reduced eddy diffusion. The production term
in Eq. (6) depends strongly on the ionization rates and the
atomic oxygen density. Therefore, increased eddy diffusion
decreases ionization and atomic oxygen density. Figure 13d
shows that the loss rates are reduced by about 0.5 % in the
F region in the case of enhanced eddy diffusion. Su et al.
(1999) discussed the dependence of the loss rates on temper-
ature. They suggested that the loss rate coefficient decreases
with increasing Tt. Enhanced eddy diffusion leads to an in-
crease in molecular components while reducing atomic oxy-
gen.

Consequently, enhanced N, increases the overall loss term
in Eq. (6) and reduces the electron density, resulting in a re-
duced delay in TEC. Based on the model simulations, we
conclude that eddy diffusion is one of the major factors re-
sponsible for the changes in thermospheric composition via
general circulation and significantly affects the ionospheric
delay. Although the current investigation suggests that a
small change in loss rates can affect the delay for several
hours, further numerical modeling using real observations
and varying atmospheric conditions is needed to understand
the physical processes.

4 Summary

Using a 1-D model, Jakowski et al. (1991) first reported that
the delayed density variation concerning solar EUV varia-
tions is probably due to the slow diffusion of atomic oxy-
gen. Based on their hypothesis, the ionospheric delay in TEC,
simulated by the CTIPe model, was investigated. Using the
F10.7 index, the ionospheric delay at the solar rotation period
is well reproduced and amounts to about 1d (Jacobi et al.,
2016; Schmoblter et al., 2018). The thermosphere—ionosphere
coupling plays an important role in the delay mechanism, and
this was reported in several studies, but it was barely inves-
tigated. Therefore, this is the first time we investigated the
impact of eddy diffusion on the ionospheric delay. To inves-
tigate the physical mechanism of ionospheric delay at the so-
lar rotation period, we performed various experiments using
CTIPe model. From the mechanistic studies using CTIPe,
results show that eddy diffusion is an important factor that
strongly influences the delay introduced in TEC based on the
solar activity conditions. In the case of reduced eddy diffu-
sion to 75 % of the original value, the delay is slightly longer
(about 25 h), while in the case of increased transport, the de-
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lay is reduced to 20 h. An increase in eddy diffusion leads to
faster transport processes and an increased loss rate, resulting
in a reduction of the ionospheric time delay.

At low latitudes, the influence of solar activity is stronger,
as EUV radiation drives ionization processes that lead to
compositional changes. Therefore, the combined effect of
eddy diffusion and solar activity shows more delay in the
low-latitude and midlatitude region.

Our results suggest that eddy diffusion plays a crucial
role in the ionospheric delay. Therefore, further numeri-
cal modeling and observational results are required to bet-
ter understand the role of lower atmospheric forcings and
thermosphere—ionosphere coupling.

For this study, constant atmospheric conditions have been
used to understand the role of solar flux and eddy diffusion
in the ionospheric delay. In future, further investigation is re-
quired to explore the physical processes using actual obser-
vations. It would also be interesting to investigate the com-
bined effect of solar variations, geomagnetic variations, and
lower atmospheric forcings.
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